The coordinated regulation of gene expression at the transcriptional level is fundamental to 24 organismal development and homeostasis. Inducible systems are invaluable when studying 25 transcription because the regulatory process can be triggered instantaneously, allowing the 26 tracking of ordered mechanistic events. Here, we use Precision Run-On sequencing (PRO-seq) 27 to examine the genome-wide Heat Shock (HS) response in Drosophila and the function of two 28 key transcription factors on the immediate transcription activation or repression of all genes 29 regulated by HS. We identify the primary HS response genes and the rate-limiting steps in the 30 transcription cycle that GAGA-Associated Factor (GAF) and HS Factor (HSF) regulate. We 31 demonstrate that GAF acts upstream of promoter-proximally paused RNA Polymerase II (Pol II) 32 formation, likely at the step of chromatin opening, and that GAF-facilitated Pol II pausing is 33 critical for HS activation. In contrast, HSF is dispensable for establishing or maintaining Pol II 34 pausing, but is critical for the release of paused Pol II into the gene body at a subset of highly-35 activated genes. Additionally, HSF has no detectable role in the rapid HS-repression of 36 thousands of genes. 37 38 Introduction:
Abstract: 23 The coordinated regulation of gene expression at the transcriptional level is fundamental to 24 organismal development and homeostasis. Inducible systems are invaluable when studying 25 transcription because the regulatory process can be triggered instantaneously, allowing the 26 tracking of ordered mechanistic events. Here, we use Precision Run-On sequencing (PRO-seq) 27 to examine the genome-wide Heat Shock (HS) response in Drosophila and the function of two 28 key transcription factors on the immediate transcription activation or repression of all genes 29 regulated by HS. We identify the primary HS response genes and the rate-limiting steps in the 30 transcription cycle that GAGA-Associated Factor (GAF) and HS Factor (HSF) regulate. We 31 demonstrate that GAF acts upstream of promoter-proximally paused RNA Polymerase II (Pol II) 32 formation, likely at the step of chromatin opening, and that GAF-facilitated Pol II pausing is 33 critical for HS activation. In contrast, HSF is dispensable for establishing or maintaining Pol II 34 pausing, but is critical for the release of paused Pol II into the gene body at a subset of highly- 35 activated genes. Additionally, HSF has no detectable role in the rapid HS-repression of 36 thousands of genes. 37 38 Introduction: 39 The Heat Shock (HS) response in Drosophila melanogaster has been an effective model system 40 to discover and study mechanisms of transcription and its regulation (Guertin et al. 2010 ). This 41 highly conserved protective mechanism (Lindquist and Craig 1988) is regulated at the 42 transcriptional level by the Heat Shock transcription Factor (HSF) (Wu 1995) . When activated by 43 stress, HSF potently activates expression of HS genes, resulting in the accumulation of 44 3 molecular chaperones, the Heat Shock Proteins (HSPs), which helps the cell cope with stress- 45 induced protein aggregation and misfolding (Lindquist and Craig 1988; Schlesinger 1990) . 46 The transcriptional HS response has been studied largely using Hsp70 as a model gene 47 (Guertin et al. 2010) . Hsp70 maintains a promoter-proximally paused RNA Polymerase II (Pol II) 48 molecule 20-40 bp downstream of the Transcription Start Site (TSS) that is released to 49 transcribe the gene at a low level during normal non-stress conditions (Rougvie and Lis 1988; 50 Rasmussen and Lis 1993). The transcription factor GAGA Associated Factor (GAF) is bound to 51 the promoter of Hsp70 prior to HS, and GAF is important for the establishment and stability of 52 paused Pol II (Lee et al. 1992; Wang et al. 2005; Lee et al. 2008; Kwak et al. 2013 ). GAF has a key 53 role in keeping the promoter region open and free of nucleosomes (Tsukiyama et al. 1994; 54 Okada and Hirose 1998; Fuda et al. 2015) , which allows the recruitment of general transcription 55 factors and the initiation of transcription by Pol II. Upon HS induction, HSF trimerizes and is 56 rapidly recruited to the promoter, where it binds to its cognate HS DNA Elements (HSEs) 57 (Pelham 1982; Xiao and Lis 1988) . After binding, HSF directly and indirectly recruits co-58 activators and other factors (Lis et al. 2000; Saunders et al. 2003; Smith et al. 2004; Ardehali et 59 al. 2009 ) that affect the chromatin structure and composition, and promotes the release of Pol 60 II from the paused complex into productive elongation. This transition from the paused state 61 into productive elongation depends critically on the positive elongation factor P-TEFb, and has 62 been shown to be a very general step that is essential for the regulation of virtually all genes 63 across different species (Rahl et al. 2010; Jonkers et al. 2014) . The net result of this molecular 64 cascade is an increase in transcription levels that can be ~200-fold for some of the HS-regulated 65 genes (Lis et al. 1981) . 66 4 Although the independent mechanisms of promoter-proximal pausing and escape to 67 productive elongation have been well studied in the context of HS activation of Hsp70, we lack 68 a comprehensive characterization of the genome-wide changes in transcription that result from 69 HS. A thorough characterization of the affected genes is necessary to determine the generality 70 and diversity of the roles of transcription factors such as GAF and HSF in the HS response and 71 provide the statistical power to assess mechanisms of transcription regulation. 72 Previous studies have mapped HSF binding sites during normal growth conditions and 73 after HS, and observed that HSF recruitment to a promoter is neither necessary nor sufficient to 74 direct HS gene activation (Trinklein et al. 2004; Guertin and Lis 2010; Gonsalves et al. 2011) . 75 Nonetheless, the rules governing the specificity of activation and repression across the 76 Drosophila genome remain incomplete. Transcriptional changes after HS have also been 77 measured in Drosophila and other organisms (Leemans et al. 2000; Guhathakurta et al. 2002; 78 Murray et al. 2004; Trinklein et al. 2004; Sørensen et al. 2005; Gonsalves et al. 2011; Vihervaara 79 et al. 2013) ; however, these studies were limited in resolution both temporally and spatially by 80 measuring steady-state levels of mature mRNA. Furthermore, measurement of mRNAs cannot 81 distinguish effects on mRNA stability (Lindquist and Petersen 1990) and pre-mRNA processing 82 (Yost and Lindquist 1986; Shalgi et al. 2014) from transcription, or primary from secondary 83 effects of the HS response. 84 To overcome these limitations, we queried the genome-wide distribution of 85 transcriptionally-engaged RNA polymerases before and after HS induction using the Precision 86 nuclear Run-On and sequencing (PRO-seq) assay and quantified differentially expressed genes. 87 PRO-seq has high sensitivity and high spatial and temporal resolution, providing an 88 5 unprecedented comprehensive view of the transcriptional profiles of cell populations. We show 89 that the HS response is rapid and pervasive, with thousands of genes being repressed after 20 90 minutes of HS and hundreds of genes being activated; moreover, the activated genes are not 91 limited to the classical HSP genes. Promoter-proximal pausing is highly prevalent among the 92 activated genes prior to HS, and here we demonstrate that its establishment on a subset of 93 genes is dependent on GAF binding upstream and proximal to the TSS. Moreover, GAF 94 depletion abrogates pausing and consequently impairs HS activation, indicating that this step in 95 early transcription elongation is essential for gene activation. We also identify two factors that 96 correlate with Pol II pausing and HS activation at genes that exhibit GAF-independent pausing. 97 Furthermore, we demonstrate that only a relatively small fraction of HS activated genes are 98 regulated by HSF, and that depletion of HSF does not affect pausing levels before or after HS. 99 This study provides a genome-wide view of HS-induced transcriptional regulation and an 100 understanding of how promoter context affects this process.
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Results: 103 Drosophila transcriptional Heat Shock response is rapid and pervasive 104 We measured nascent transcription levels by PRO-seq in Drosophila S2 cells prior to HS (Non-105 Heat Shock -NHS) and 20 minutes after an instantaneous and continuous HS stress ( Figure 1A , 106   Table S1 ). PRO-seq maps the active sites of transcriptionally engaged RNA polymerase 107 complexes by affinity-purification and sequencing of nascent RNAs after a terminating biotin-108 NTP is incorporated during a nuclear run-on experiment (Kwak et al. 2013) . The density of 109 sequencing reads is proportional to the number of transcriptionally-engaged polymerase 110 6 molecules present at each position when the nuclei were isolated. PRO-seq has base pair 111 resolution, is strand specific, and is not affected by the background levels of accumulated RNAs 112 (Kwak et al. 2013) . Biological replicates were highly correlated for both promoter and gene 113 body PRO-seq reads (Spearman's coefficient ranged between 0.96-0.99, Figure S1A -B, left 114 panels). The expected genome-wide changes in transcription that occur during HS made it 115 unfeasible to use total number of reads to normalize our datasets between conditions. 116 Therefore, we normalized our libraries using a set of genes previously shown to have the same 117 RNA Pol II ChIP-seq signals in NHS and HS Drosophila S2 cells where consistent backgrounds of 118 ChIP-seq provide a basis of normalization (Teves and Henikoff 2011) (see Materials and 119 Methods for the normalization method and our validation tests). 120 We used DESeq2 (Love et al. 2014) to identify genes whose gene body reads significantly 121 change after HS, using an FDR of 0.001 (Table S2 ). We observed a widespread shutdown of 122 transcription, with 2300 genes being significantly repressed after HS ( Figure 1A , blue points; 123 Figure 1B has an example of a repressed gene -Vps39). This finding is in agreement with low 124 resolution studies in Drosophila salivary gland polytene chromosomes that have shown that 125 total Pol II levels and transcription decrease in response to HS (Spradling et al. 1975; Jamrich et 126 al. 1977) . A previous Pol II ChIP-seq study in Drosophila S2 cells has also observed a genome-127 wide decrease of Pol II levels in gene bodies (Teves and Henikoff 2011). Not surprisingly, 128 measurements of steady-state mRNA levels before and after HS, including micro-array studies 7 transcriptional repression because the reduction of mRNA levels are obscured by steady-state 133 levels of mRNAs already present in the cells; these mRNAs have much longer half-lives than the 134 short HS time points examined herein. Overall, our results greatly expand upon these previous 135 studies, identifying and quantifying the individual genes whose transcription is repressed after 136 HS using a base-pair resolution method that specifically maps transcriptionally-engaged RNA 137 polymerase molecules. 138 Gene ontology (GO) analysis reveal that the HS repressed class is enriched for genes 139 involved in basic cellular processes, such as cell cycle, RNA processing, protein transport and 140 localization and translation ( Figure 1C ). This is consistent with previous findings in mammalian 141 cells (Murray et al. 2004; Trinklein et al. 2004) , and is expected as cells enter into a defensive 142 non-growth condition triggered by HS stress. 143 Although not as abundant as the repressed class, hundreds of genes are activated by HS, 144 many very highly ( Figure 1A , magenta points; Figure 1D has an example of an activated gene -145 Hsromega). Notably, we find that all 7 classical HSP genes show strong inductions after 20 146 minutes HS and are among the top 10 genes with highest HS induction (Table S2) , with fold-147 changes ranging from 44 to 384-fold. Consistent with this result, GO analysis reveal that the HS 148 activated class is enriched for genes involved in the response to temperature and abiotic stimuli 149 ( Figure 1C ). Besides the classical HSP genes, our data reveal the activation of many genes that 150 were not previously associated with the HS response and provide a comprehensive 151 characterization and quantification of genes whose transcription is directly activated by HS. 152 We measured nascent transcription levels as a function of time after HS induction to 153 determine how fast activated and repressed genes respond to HS ( Figure S3 , Table S1 ). transcription factors (Lee et al. 1992; Shopland et al. 1995) . We used our PRO-seq data to 177 determine if promoter-proximal pausing is a common feature of HS activated genes. The 178 average PRO-seq read intensity profile across HS activated genes reveals a strong peak in the 179 promoter-proximal region, which is substantially higher than repressed or unchanged gene 180 classes (Figure 2A ). DNase I hypersensitivity data (Kharchenko et al. 2011) indicates that the 181 promoter region of HS activated genes is more accessible than the other two classes under 182 basal uninduced conditions ( Figure S4A ). This data is consistent with the notion that promoter-183 proximal pausing is important to maintain an open chromatin environment around the TSS. 184 We calculated the pausing index (PI), which is the ratio of read density in the promoter- (Table S4) . 186 The vast majority of HS activated genes (~90%) were classified as paused (Fisher's exact p-value 187 <= 0.01, Figure S4B To identify candidate factors that play a role in allowing genes to be HS-activated, we screened 198 modENCODE and other publically available genomic transcription factor binding data for factors 199 that are differentially enriched in HS activated relative to repressed or unchanged genes prior 200 to HS. The most striking differential enrichment was observed for GAF ( Figure 2B , GAF ChIP-seq 201 data from Fuda et al. 2015) . As seen in Figure 2B , when compared to the repressed class, HS 202 activated genes show enriched GAF binding immediately upstream of the TSS, which is also 203 evidenced by a peak in the average ChIP-seq intensity profile ( Figure 2C ). Furthermore, de novo 204 motif analysis identified the DNA sequence bound by GAF, the GAGA element (Omichinski et al. 205 1997; Wilkins 1998), as the most significantly overrepresented motif in the region immediately 206 upstream of the TSS of HS activated genes ( Figure S4D ). 207 We then identified the closest GAF ChIP-seq peak to the TSS of each gene and plotted 208 the cumulative distribution of these distances for our three gene classes (activated, repressed 209 and unchanged) ( Figure 2D ). GAF binds significantly closer to activated genes than the 210 repressed ( Figure 2D , Kolmogorov-Smirnov test p-value < 2.2 x 10 -16 ) and unchanged classes 211 ( Figure 2D , Kolmogorov-Smirnov test p-value < 2.2 x 10 -16 ), and over 70% of activated genes are 212 bound by GAF within ±1kb of the TSS. These results suggest that GAF binding close to the TSS 213 prior to HS is important for the activation of HS-induced genes. Table S1 ) (Spearman's coefficient ranged between 0.96-0.99, Figure S1A bound GAF is indispensable for the proper activation of many HS activated genes. 229 GAF is critical for the HS activation of many genes; however, the induction of over 70% 230 of the genes that are bound by GAF prior to HS is not affected by GAF knockdown. These two 231 classes of GAF-bound genes, which respond differentially to GAF knockdown, cannot simply be 232 explained by differences in the response to the RNAi treatment, since the GAF ChIP-seq signal 233 for both classes is similarly reduced by the knockdown ( Figure S5B ). However, GAF-bound genes 234 with GAF-dependent HS activation have significantly higher GAF ChIP-seq intensities when 235 compared to the GAF-bound genes with GAF-independent HS activation ( Figure S5C , Whitney U test p-value = 8.96 x 10 -10 ). The class of GAF-bound, HS-activated genes whose 237 induction is dependent on GAF has a strong preference for GAF binding immediately upstream 238 of the TSS, between -100 to -50 bp ( Figure S5D . 248 However, the role of GAF-mediated pausing in gene activation has not yet been studied in a 249 comprehensive genome-wide manner. We hypothesize that GAF's role in HS activation is 250 connected to its ability to create promoter-proximal pausing prior to HS. 251 To test this hypothesis, we compared the NHS promoter-proximal PRO-seq reads for the 252 LacZ-RNAi control and GAF-RNAi treatment between the subset of GAF-bound genes whose HS 253 induction is dependent on GAF (GAF-dependent HS activation) and the HS activated genes 254 whose induction is unaffected by GAF depletion (GAF-independent HS activation). As observed 255 in Figure 3D , there is a substantial reduction in the NHS pausing levels after GAF knockdown for 256 genes with GAF-dependent HS activation, while the NHS pausing levels of the GAF-independent 257 class are largely unaffected. To quantify this effect, we compared the LacZ-RNAi and GAF-RNAi 258 NHS reads in the pausing region for genes with GAF-dependent or GAF-independent HS 259 activation. As observed in Figure 3E , most genes with GAF-dependent HS activation have 260 reduced number of reads (fold-change < 1) in the pausing region upon GAF knockdown prior to 261 HS. In contrast, the distribution of fold-changes for the GAF-independent class is centered 262 around 1, indicating that GAF binding prior to HS is not essential to establish pausing at these 263 13 genes. Figure 3F has an example of a HS-activated gene that displays GAF-dependent pausing 264 prior to HS whose induction is inhibited by GAF knockdown. Taken together, these results 265 indicate that GAF's role in HS activation strongly correlates with its function in establishing 266 promoter-proximal pausing prior to HS. Table S1 ) (Spearman's coefficient ranged between 0.96-0.99, Figure S1A In this study, we used PRO-seq to comprehensively characterize the direct changes in Pol II 372 distribution that occur in Drosophila S2 cells in the minutes following HS. We show that the HS 373 18 response is more general than previously appreciated, with thousands of genes being repressed 374 and hundreds activated by heat stimulus. This latter class is not limited to the group of cellular 375 chaperones that are known to be activated by stress (Lindquist and Craig 1988) , and includes 376 hundreds of other genes with various cellular functions (Table S2) . Surprisingly, only a minority 377 of the activated genes are regulated by HSF, which was previously believed to be the major 378 orchestrator of the response. Moreover, we show that promoter-proximal pausing is highly 379 pronounced and prevalent among activated genes prior to HS. GAF, which has been shown to 380 be important for establishing pausing, is highly enriched at the promoter of HS activated genes, 381 and our results suggest that GAF-mediated pausing in a subset of these genes is essential for HS Figure S4A) . 400 GAF has been previously shown to be important for establishing pausing and is highly 401 enriched in the promoter region of activated genes prior to HS. GAF is essential for HS 402 activation of a subset of GAF-bound genes that have high levels of GAF binding in the region 403 immediately upstream of the core promoter, indicating that GAF's positioning and levels are 404 important for its role in the HS response. We also observed that the pausing levels of genes 405 with GAF-dependent HS activation are dramatically reduced upon GAF depletion prior to HS. 406 Transgenic studies of the model Hsp70 gene have demonstrated that presence of the GAF 407 binding element is essential for generating pausing at this gene and that pausing level changes 408 created by mutating the core promoter strongly correlate with the promoter's potential to Figure 7A ). When GAF is depleted by knockdown and pausing is not properly established, then 417 the promoter loses its potential to induce transcription after HS ( Figure 7A ). 418 419 HSF acts at the step of promoter-proximal pausing release 420 HSF depletion has almost no effect on pausing reads both before and after HS ( Figure S6C) , and 421 the average pausing levels are largely unaffected by HS and HSF knockdown ( Figure 5E ). The 422 amount of pausing is determined by the transcription recruitment/initiation rate and the rate 423 of escape into productive elongation. If HSF was acting at the step of Pol II initiation, we would 424 expect the pausing levels to be reduced upon HSF depletion, which is not observed. Therefore, 425 we propose a model where after being recruited to the promoter region upon HS, HSF 426 promotes the release of Pol II into the gene body, likely through the indirect recruitment of P-427 TEFb, which has been shown to be the case for classical HSP genes (Lis et al. 2000) . Pausing also 428 maintains an open chromatin environment that is accessible to transcription activators such as 429 HSF. In this model, the activity of factors that are important for establishing pausing prior to HS, 430 such as GAF and possibly M1BP and BEAF-32, is crucial for HSF-dependent HS activation, and 431 failure to generate pausing prevents the induction of HSF target genes. 432 433 HS causes a rapid and broad reduction in transcription, which is regulated at the transcription 434 initiation step and independent of HSF 435 Early low resolution studies in Drosophila polytene chromosomes have shown that HS causes a 436 genome wide downregulation of transcription (Spradling et al. 1975; Jamrich et al. 1977) , 437 presumably to reduce the accumulation of misfolded protein aggregates. Although this has 438 21 been a paradigm in the HS field, higher resolution genome-wide studies have failed to identify 439 all the primary genes that are repressed by heat, mostly due to the limitations of measuring 440 steady-state levels of mRNA, which requires that the mRNAs already present in the cells have 441 shorter half-lives than the HS time points used in the experiment. Our results provide definitive 442 evidence to support the widespread shutdown of transcription caused by HS. We identify and 443 quantify the genes with significantly reduced transcription and demonstrate that the HS 444 repressive response is very rapid, with over a thousand genes being repressed after only 5 445 minutes of HS ( Figure S3A ). Furthermore, the Pol II density in the promoter-proximal region, 446 which represents the paused Poll molecules, is also significantly reduced across all HS repressed 447 genes ( Figure 6 ). The accumulation of Pol II in the pausing region depends on both the 448 transcription initiation rate and the rate of escape into productive elongation. The reduction in 449 pausing levels thus indicates that the recruitment and initiation of Pol II is affected by HS 450 (Figure 7) . 451 The HS-induced binding of HSF is not essential for the genome-wide transcriptional 452 repression ( Figure 6 ), and given the magnitude of this repressive response, we believe that it is 453 unlikely that one single transcription repressor is responsible for inhibiting transcription 454 initiation in all HS repressed genes. We believe that there are three major possible mechanisms 455 that could be responsible for HS-mediated repression. (1) The activity of a general transcription 456 factor that is involved in recruitment of Pol II to the promoter could be modulated by heat Drosophila S2 cells were grown in M3+BPYE media supplemented with 10% FBS until they 483 reached 3-5 x 10 6 cells/mL. At this point, the cells were split to 1 x 10 6 cells/mL in serum-free 484 M3+BPYE media, and the desired volume of cells was mixed with LacZ, HSF or GAF dsRNA to a 485 final concentration of 10 µg/mL. After incubation at 25°C for 45 minutes, an equal volume of 486 M3+BPYE media supplemented with 20% FBS was added to the cells. After 2.5 days, the cells 487 were split 1:2 into two new flasks and more dsRNA was added to keep the final concentration 488 at 10 µg/mL. After 2.5 days the cells were HS treated and harvested for nuclei isolation. 489 The dsRNAs used in these experiments were transcribed from a dsDNA template that 490 had a T7 polymerase promoter at both ends. The DNA templates were generated by PCR using 491 the following primers: anti-HSF and anti-GAF antibodies and guinea pig anti-TFIIS antibody were used at dilutions of 503 1:2000, 1:500, and 1:3000, respectively. We used IRDye 800CW donkey anti-rabbit (1 mg/mL) 504 24 and IRDye 680LT donkey anti-guinea pig (1 mg/mL) as secondary antibodies at a 1:15000 505 dilution and the membrane was imaged using the LI-COR Odyssey imaging system. 506 507 Heat Shock treatments 508 For the HS treatments, an equal volume of M3+BPYE medium (no serum) at 48°C was added to 509 the cells, and the cultures were incubated at 37°C for the desired time. were generated in bedgraph format and used for all subsequent analyses. Table S1 contains a 538 summary of sequencing yields and the number of reads that mapped uniquely to the genome 539 or other annotations. Replicates were highly correlated and were pooled for further analyses 540 ( Figure S1 ). Sequencing datasets can be found under GEO accession number GSE77607. 541 542 PRO-seq normalization method 543 We used a previously published Pol II ChIP-seq dataset in Drosophila S2 cells (Teves and 544 Henikoff 2011) to identify genes whose transcription does not change during HS. Unlike ChIP-545 seq reads, which can originate from both sense and anti-sense strands, PRO-seq reads are 546 strand specific. Therefore, in order to increase the likelihood of selecting genes that have the 547 majority of their reads originating from the sense strand, we used our PRO-seq LacZ-RNAi 548 26 control datasets (NHS and 20min HS) to identify and filter out genes that have high levels of 549 transcription in the anti-sense strand. To identify those genes, we calculated the fraction of 550 PRO-seq reads originated from the anti-sense strand for each gene and only kept the ones 551 whose fraction is less or equal than 0.2 for both the NHS and 20min HS conditions. Because of 552 the high background in ChIP-seq data, we then focused on genes with highest levels of ser2-P 553 ChIP signal (Z score > 3) (Core et al. 2012) , assuming these will contain the highest densities of 554 transcribing Pol II over background. In order to obtain a final subset of unaffected genes, we 555 filtered out the ones whose gene body fold-change between NHS and HS conditions is less than 556 0.85 and greater than 1.15, resulting in 335 genes. The mRNA levels of this subset of genes are 557 also unaffected after HS ( Figure S7) , which is consistent with the transcription levels of these 558 genes not changing after induction. 559 We then used the sum of the total number of gene body reads for all 335 genes to 560 generate normalization factors in our PRO-seq data to normalize the datasets between 561 replicates and different time points. Since the GAF and HSF RNAi treatments did not result in 562 genome-wide changes in transcription in both the NHS and 20min HS time points, we used the 563 same subset of 335 unaffected genes to normalize the datasets between different RNAi 564 treatments (LacZ, GAF and HSF). 565 To access the efficacy of this normalization method, we examined the correlation 566 between gene body and promoter reads for replicates ( Figure S1 ) and gene body reads across 567 different time points ( Figure S8A-B ). All replicates show good correlations and time points that 568 are closer to each other have higher correlation coefficients and better fits to the 1:1 diagonal. 569 Moreover, for the RNAi treatments, we examined the correlation between gene body reads 570 27 across different conditions (NHS and 20min HS) and observed that the NHS datasets have 571 higher correlation coefficients and better fits to the 1:1 diagonal when plotted against each 572 other, and the same was observed for the HS treatments ( Figure S8C-D) . Taken together, these 573 results indicate that the normalization method worked appropriately. 574 575 Differential expression analysis using DESeq2 576 We used DESeq2 (Love et al. 2014) to identify genes whose gene body reads significantly 577 change after HS, starting with a list of 9452 non-overlapping genes described previously (Core Table S4 : Pausing index calculation and identification of paused genes.
